We have previously shown (M. Aronson, 0. Medalia, D. Amichay, and 0. Nativ, Infect. Immun. 56:1615-1617 , 1988 ) that shedding of viable uroepithelial cells (elicited by invading microorganisms) constitutes an antimicrobial defense mechanism. The present study deals with two different stress-involving procedures, in which increased uroepithelial shedding rendered female mice resistant to vesical infection. Moderate stress was induced in female mice by exposing the animals either to constant illumination for 96 h or to 37°C heat for 24 h. In both cases, the rate of infection was considerably reduced as a result of increased epithelial shedding (P < 0.0001). Stress was manifested by both reduced thymic weight and increased blood corticosterone levels. Shedding was also elicited by intraperitoneal injection of norepinephrine together with hydrocortisone or by intravesical injection of corticosterone. Constant illumination as well as heat enormously facilitated the migration of polymorphonuclear cells into the bladder following the action of chemotactic stimuli. Male mice subjected to identical stress-generating conditions did not display considerable epithelial shedding or increased migration of polymorphonuclear cells, and they were not protected from intravesical infection.
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The phenomenon of uroepithelial shedding was originally described by Orikasa and Hinman as involving dying and dead cells, and these authors suggested that epithelial desquamation serves as a defense mechanism, since the adhering bacteria are washed out together with the cells (9) .
Our own independent studies, on the other hand, were carried out under conditions less injurious to the host's cells, employing radiation-killed cells of a nonvirulent strain. We were able to demonstrate that most of the shed cells are viable and that the active agent which induces shedding is the bacterial endotoxin (3). Our results also indicated that the uroepithelium is preprogrammed to respond by rapid shedding when required, as the process begins within 1 h of administration of lipopolysaccharide (LPS) to the bladder. The mechanism of shedding was shown to be mediated by the release of proteolytic enzymes, since pretreatment with aprotinin-the inhibitor of these enzymes-proved to considerably diminish the shedding. Since polymorphonuclear (PMN) cells do not begin to appear before 4 h following the LPS instillation, epithelial cells remain the sole candidates for being the source of the proteolytic enzymes. The phenomenon is apparently entirely local, not involving central mechanisms.
The present studies were initiated in order to establish whether perturbation of circadian rhythms would affect the course of experimental vesical infection. It was expected that the spontaneous clearance of bacteria, which usually requires 2 to 3 weeks, would be prolonged under these conditions. However, the female mice which were exposed to 4 days of constant illumination, in order to develop a state of "free running" (i.e., state of unsynchronized circadian rhythms), failed altogether to become infected. We were subsequently able to show that constant illumination is accompanied by an increased measure of epithelial shedding.
A causal connection with stress was suspected when an accidental exposure of mice to high temperatures (37°C for 48 * Corresponding author. h) also resulted in extensive shedding in the surviving female mice (all the males and some females succumbed to the heat). Subsequent exposure of mice to 37°C for 24 h did not cause any death, and again it caused considerable epithelial shedding.
The present paper deals with (i) the effects and manifestations of two kinds of stress (i.e., constant illumination and exposure to heat) in protection against vesicle infection, the extent and duration of epithelial shedding, and the possible role of shedding as well as that of rapid mobilization of PMN cells in protection against infection; (ii) establishing that our procedures operated as stressors in the case of the animals utilized, by measuring corticosterone values in the peripheral blood and by determining the extent of thymic involution; (iii) our alternative attempt to induce epithelial shedding by administration of stress hormones (corticosterone and norepinephrine); and (iv) comparison of the respective responses of male and female mice.
(This work is in partial fulfillment of the requirements for a Ph.D. degree for E. Dalal from the Sackler School of Medicine at Tel Aviv University, Tel Aviv, Israel.) MATERIALS AND METHODS Induction of stress. Mice (ICR; randomly bred) weighing 30 to 35 g were exposed to constant illumination (regular animal house illumination) for 96 h, following which they were returned to conventional day-night illumination. Light intensity (measured in micromoles of photons per square meter per second at 400 to 700 nm integrated) was found to vary between 16 U on the upper shelves of the animal house and 2 U on the lower shelves. We could establish that the differences in light intensity were of no consequence provided that constant illumination was for about 96 h. Alternatively, the animals were exposed to temperatures ranging from 34 to 37°C, for 18 to 24 h, in a large incubator, under conditions of day-night illumination: no significant difference was discerned on comparing exposures for these durations. The shedding phenom-ena were shown to take place also in BALB/c mice and in C57 black mice.
Determination of the rate of infection. A well-established procedure formerly developed in this laboratory was employed to determine the rate of infection (4) . Briefly, diuresing mice (obtained by maintaining the animals on water containing glucose, which induced excessive drinking) were injected intravesically with 5 x 106 CFU of Escherichia coli bacteria, strain 7343 . It was verified that the two modes of stress did not reduce the extent of diuresis and that the latter mode was an indispensable requirement to achieve infection. This particular model allowed monitoring of the course of infection in the same animal, since because of diuresis, the animals, on being handled, released urine, which was then collected and plated. Animals were considered free of infection when three consecutive urine platings proved to be sterile.
Determination of the extent of shedding. Following mild ether anesthesia, a Teflon cannula (Quick Catheter 24 Ga; 0.7 mm) was inserted intravesically in the female mice. A syringe containing 0.3 ml of saline was then connected to the catheter, and the liquid was inserted and withdrawn four times and eventually transferred to Eppendorf tubes. In the case of male mice the cells were obtained as described previously (3) . The aspirated liquid was cytospun, fixed with methanol, and stained with Giemsa.
Considering that the epithelium is often shed as a sheet of cells, it is impossible to count the cells in a hemocytometer. As each mouse was evaluated separately and the numbers of cells per mouse ranged into the thousands, it was impractical to count each slide. Hence, we graded the extent of shedding according to the following scale: +, control values, 100 to 400 cells; + +, 2,000 to 3,000 cells; + + +, 4,000 to 7,000 cells; and + + + +, 10,000 cells and over. This grading was substantiated by counting (Fig. 1 ). All the samples were read blind, and the fidelity of gradation was rechecked by periodic counting throughout these experiments.
Procedure for DNA quantitation. Differences between the various grades of shedding were also measured by the amount of DNA found in the shed cells. We used the procedure of Labarca and Paigen (7) and calibrated the assay system with a DNA solution (calf thymus DNA, activated type XV; Sigma) in a range of 0.5 to 2 ,ug. The amount of DNA in shed cells obtained from normal animals (+) was too low to be detected. Values of + + were assayed as 0.55 or 0.6 ,ug, and values of + + + were assayed as 1 pLg.
Determination of thymic weight and of corticosterone levels.
Thymic weight was determined following intraperitoneal injection of India ink; this substance accumulates in the lymph nodes adjacent to the thymus and enables one to distinguish between the two structures. Determination of corticosterone levels was done with a 3H kit (ICN Biomedicals Inc.).
Adrenalectomy. Following nembutal anesthesia of female mice, bilateral incisions on both sides of the spinal column were made and the adrenals were excised by means of forceps.
The animals were allowed to rest for 1 to 3 weeks and were then subcutaneously implanted with pellets consisting of different mixtures of cholesterol and corticosterone, ranging from 100% cholesterol to 75% corticosterone in 60-mg pellets. It was found that, while adrenalectomy per se did not cause shedding in unstressed animals, the additional steps, i.e., implantation and blood withdrawals (twice), already caused a considerable amount of shedding (+ +), which rendered the study of the effects of stress on this group quite impractical.
Mobilization of PMN cells into the bladder. The procedure utilized for female mice was catheterization, initially for injecting the bacteria and again, several hours later, for retrieving 
RESULTS
Effect of constant illumination on infectivity and on shedding in female mice. Following exposure of female mice to 96 h of constant illumination, the diuresing animals were inoculated intravesically with the standard infective dose (5 x 106 CFU). Other animals (noninfected) from the same batch were examined for the extent of shedding. In some experiments, thymic weights and corticosterone levels were also determined. Mice maintained under conventional (day-night) illumination served as controls.
In a series of experiments, it was found that constant illumination reduced the percentage of infected animals from around 70% (11 of 16, 23 of 35, and 20 of 30) in the controls to 10 to 20% (2 of 20, 5 of 20, 2 of 19, and 6 of 30) in the experimental group (P < 0.0001).
Determination of shedding revealed a considerable difference between the experimental group and the controls, with average numbers of a few hundred cells shed by the latter and several thousand shed following constant illumination (Table  1) . Data collected from several experiments involving a total of 54 mice show the following distribution of shed cells: + + + +, 8 mice; + + +, 32 mice; + +, 10 mice; and +, 4 mice. The state of augmented shedding lasted for at least 2 weeks after cessation of constant illumination, as documented in Table 1 . In several experiments thymic weight was determined at various time intervals after termination of the exposure to constant illumination, and the data are presented in Table 2 . It can be seen that in untreated mice the thymic weight was 65.65 ± 9.76 mg, whereas constant illumination resulted in a marked weight reduction to 39.83 ± 8.47 mg, and 1 week later it was still low, Judging by these figures, we consider the exposure to constant illumination moderately stressful. The corticosterone levels in the blood, albeit examined for only a sample of the animals (whose thymic weight was determined), also showed a clear-cut difference between the controls and the animals exposed to constant illumination (Table 3) . Thus, a fourfold increase was obtained in the case of the latter group (P < 0.05).
Exposure of female mice to heat. An analogous experimental design served for studying the effect of exposure to heat (37°C for 18 to 24 h), and the results are summarized in Tables 1 and  2 . Again, a considerable diminution in the extent of infection was shown to take place: from 100% for the controls to 20% for the heat-treated animals. Concomitantly, shedding levels increased from 1.5 ± 0.7 in the controls to 2.7 ± 0.8 in the heat-exposed animals. Table 1 shows the data on the duration of the effect, which lasted for at least 2 weeks. Thymic weight again affirmed the existence of physiological stress ( Table 2) . As to the level of corticosterone in the blood, this was calculated separately (Table 3) Finally, intravesical injection of 20 ng of corticosterone resulted in immediate but very short-lived epithelial shedding. Thus, after 2 h, shedding in the corticosterone-treated animals reached values of 2.1 ± 1.0 (for 12 animals, of which 6 responded strongly), whereas controls remained at 1.3 ± 0.5 (P < 0.029). After 6 h, the corticosterone-treated animals showed values of 1.7 ± 0.9 (not significant [NS]), and after 24 h, they showed values of 1.3 ± 0.9.
Effect of adrenalectomy. The role of glucocorticoids in the induction of epithelial shedding in adrenalectomized mice was also studied, in order to clarify whether the presence of these hormones is indispensable for shedding. As mentioned in Materials and Methods, the full procedure of adrenalectomy, implantation of pellets and withdrawals of blood (for determination of corticosterone levels) resulted in a considerable amount of shedding (+ +). Obviously, shedding can be induced without the mediation of glucocorticoids.
PMN cell mobilization following action of chemotactic stimuli. Controls and experimental animals pretreated by constant illumination or by heating were injected intravesically, following anesthesia with ether, by catheterization with 108 radiationkilled E. coli bacteria, and the kinetics of the PMN cell migration was measured after removal of the cells by catheterization. A dramatic rate of increase was observed in the stressed animals: while the total number of mobilized PMN cells in the controls averaged 1,000 after 2 h and 18,500 after 4 h, the corresponding figures after heat exposure were 77,000 and 130,000, and after constant illumination they were 90,000 and 75,000.
Exposure of male mice to constant illumination. Similar but less extensive experiments were conducted with male mice. The results are summarized in Table 4 , and it can be seen that the extent of shedding was much lower than in female mice.
Similar results were obtained upon injection of norepinephrine In male mice the exposure to stress elicited less-uniform results, possibly because of their greater susceptibility to stress. Thus, more males than females succumbed to prolonged heat, and in some experiments the infection in the urinary tract became chronic, the animals eventually dying of pyelonephritis. In spite of the obvious stress which was inflicted on the males, shedding values were much lower than those for the females. In the case of humans, urinary tract infections are much more common in females than in males (4:1), the shorter length of the urethra in females being one of the cited reasons. Possibly, induced shedding as a defense mechanism did not develop in the male. As all our previous studies on shedding induction by endotoxins were conducted with female mice, it seemed of interest to compare the extents of shedding in male and female mice following endotoxin administration. It was found that this mode of shedding also elicits more cells from females than from males (2.8 ± 0.6 versus 2.0 ± 0.8), thus favoring the notion that shedding as a defense mechanism is more developed in females than in males.
Epithelial shedding was found to confer increased resistance to experimental urinary tract infections, presumably because the inoculated bacteria adhere to shed cells and are washed out with them. Hence, shedding evoked by moderate stress ought to be regarded as a means of prevention against infection operating in the bladder prior to a bacterial challenge. In fact, those animals which were first infected and only later subjected to constant illumination or heat failed to benefit from the treatment, as the time required for clearance of the infection was not shortened compared with that for the controls (results not shown) or was even prolonged (establishing the prolongation of the clearance time would have required large numbers of animals to reach statistical significance).
In stress-treated female mice, increased resistance to infection was also manifested by the faster mobilization of PMN cells into the bladder following injection of radiation-killed bacteria. These findings were not observed for male mice. Further in this connection, recent preliminary results have shown a considerable and statistically significant increase of blood vessel volume in the bladder laminae propriae of stressed female mouse untreated controls. These results raise the possibility that the increased resistance to vesical infection manifested by stressed female mice can be attributed both to epithelial shedding and to the rapid mobilization of PMN cells.
As we doubt that the increased resistance to infection induced by moderate stress is confined to the urinary tract alone, we are currently investigating whether other defense systems are also alerted by the stress modes employed.
An interesting feature of the stress-elicited shedding phenomenon is that increased shedding continues unabated for weeks after termination of the stress-inducing event. An analogous case in which a brief exposure to a psychological stressor resulted in a long-lasting effect has recently been described (2) . These long-term effects contrast sharply with the pulse-like action of corticosterone injection into the bladder. Receptors for corticosterone exist in the bladders of toads (5), and if they exist also in mice (for which we could not find a reference), it is possible that the hormone itself serves as the mediator (or one of the mediators) which triggers the shedding mechanism. The continuous high level of corticosterone following stress induction by illumination or heat seems to be responsible for the long shedding period.
The results with adrenalectomized mice show unequivocally that shedding can also be induced in the absence of corticosterone. We nevertheless tend to attribute to the elevated values of corticosterone a major if not exclusive role in shedding induction, in view of the long duration of both the shedding and the high corticosterone values.
Defining the magnitude of stress poses methodological as well as semantic problems. We happened to hit a range which protects the females and harms the males. In this connection it is of interest that Ambrose (1) showed, long ago, that low concentrations of corticosteroids stimulate in vitro lymphocyte proliferation, whereas high concentrations are inhibitory. A recent paper by Gillisen demonstrated "inverse" effects of cortisone in experimental infection of mice (6) . The permissive and suppressive effects of glucocorticoid physiology were recently also discussed by Munck and Naray-FejesToth (8) .
Finally, we could show (4a) that the excessive epithelial shedding induced in our stressed animals was terminated following administration of benzodiazepam for several days.
